ABSTRACT. Acute saline volume expansion (VE) in the developing animal is associated with a blunted natriuretic response when compared with that in adults. Recent studies have suggested that renal interstitial hydrostatic pressure (RIHP) plays an important role in mediating VE-induced natriuresis in the adult. The purpose of our study was to determine whether abnormalities in the RIHP response to VE could be involved in the blunted natriuretic response in the developing animal. The effect of an acute saline load (5 % body wt) on RIHP and sodium excretion was examined in adult pigs (>70 d) and piglets (26-43 d). In response to an acute saline load , the piglets excreted significantly less sodium than the adults (1.7 ± 0.5 versus 3.8 ± 0.7 /-tmol/ min/g kidney wt). The incre ase in fractional excretion of sodium in response to VE was also significantly less in the piglets. There was no significant change in GFR in either group. Associated with the blunted natriuretic response in the piglet was an absence of an increase in RIHP (6.1 ± 1.1 versus 6.1 ± 1.6 mm Hg) in response to VE. In contrast, the adult pig, which exhibited a normal natriuretic response, showed a significant increase in RIHP (8.8 ± 1.3 to 12.3 ± 1.5 mm Hg) during VE. When RIHP was prevented from increasing during VE in the adult pigs, the natriuretic response was significantly attenuated, as it was in the piglets. The results of our study indicate that the piglet does not exhibit a normal adult RIHP response to VE. The absence of any discernible increase in RIHP durin g VE may explain, in part, why piglets have a limited ability to excrete a saline load. (Pediatr Res 28: 460-463, 1990) such as the renin-an giotensin system (5). However, the exact mechanism respon sible for th e blunted natriuresis in the dev eloping a ni mal has not yet been elu cidated.
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R ecent st udies have suggested th at RIHP may play an important role in mediating the inc reas e in sodiu m excretion during VE in the ad ult. Acute saline VE in th e ad ult results in signi ficant increases in RIHP and sodium excretion (6) . When th e rise in RIHP is prevented from in creasing during VE in the adult, the increase in sodium excretion is signific antly attenuated (7, 8) . Furthermore , direct increa ses in RIHP comparable to the RIHP measured during VE result in significa nt increases in sod iu m excretion (9) . Altho ugh th ese studies suppo rt a ro le for RIHP in mediating saline expa nsion-ind uced natriuresis in th e adult animal, th e importan ce of RIHP in th e blunted sodi um excret ory respon se to VE in the de velop ing animal is not known . Indeed, RIHP has never been measured in the developing ani m al under any ph ysiologic or pathophysiologic co ndition.
An important factor that influences RIHP is ren al perfusio n pressure (10) . Renal perfu sion pre ssure is significa ntly lower in th e developing an im al than in the adult ani m al (2) . Co nversely, renal vascular resistan ce in th e developing animal is signi fica ntly high er th an in th e ad ult ( 11). The co mbina tion of a low perfu sion pressure and high rena l vascular resistance wo uld suggest that RIHP m ay be abnormally low in th e developing animal. In addition, the low renal perfusion pressure may also blunt the normal rise in RIHP observed during VE (8) . Thus, it is po ssible that the blunted natriuretic respo nse to VE in th e de veloping animal may be due to ab norm al tran sm ission of renal perfus ion pressure in to th e renal inte rstitium . The purpose of our study was to co m pare RIHP and sodium exc retory respon ses in th e develop ing piglet a nd ad ult pig during ac ute saline VE.
MATERIALS AND METHODS
Experiments were performed in three gro ups of pigs: no rm al adult pigs (>70 d), piglets (26-43 d), a nd adult pigs wit h co ntrolled RIHP. All pigs were fed a standard age-specific pig diet , sodium content 0.3% of dry weight. All animals were fasted overnig ht befor e th e ac ute expe rim ent with access to wate r. The animals were in itiall y an esthetized with ketamine (ad ults, 10 mg /kg; piglet s,S mg/kg), Each group also received an i.v, bolus inj ection of sodium pentobarbital ( I mg/kg), Intermittent i.v. bolu s injectio ns of sod iu m pentobarbital (0. 5 mg/kg) were admin istered as needed du ring th e experi me nt to m aintain a nesth esia. Ca nnulas were placed in both extern al j ugular veins for i.v. infusio ns, and in a caro tid art ery for monitoring of mean art eria l pressure and blood sam pling. Tracheot omy intubat ion was perform ed for respira tio n via a respirato r (Harvar d Apparatus Co. , In c., S. Nat ick, MA). Respiration rate was set at 12/min for the adults and 16/min for the piglet s with oxygen at 500 m LI min con stant flow to the piglets.
A retro peri to nea l flank incision was mad e on th e left side of the an im als to obtain access to the kidney. The pigs were pla ced 460 Abbreviations RIHP, renal interstitial hydrostatic pressure VE , volume expansion UNaV, urinary sodium excretion RPP, renal perfu sion pressure gkw, gram kidne y weight
Acute salin e VE in th e young anim al with immature renal fun ction is assoc iated with a blunted nat riuretic respon se co mpar ed with tha t in ad ults (1-4). The blunted nat riu retic response appea rs to be du e to abnormal sodium handling by the ren al tu bul es of th e developing animal. Several factor s ha ve been co nside red to explain th is abno rma l ren al ha ndling of sodium, incl udi ng ren al hemod ynamics and various hormonal systems gkw after VE. Basal sodium excretion rates for the adult RIHPcontrolled group were similar to those of th e other adult pig group show n in Figure I . The sodium excretory response to VE was, however, significantly different between th e two groups of adult pigs. When RIHP was pr evented from increasin g in th e ad ult pigs, sod ium excre tion only increased from 0.36 ± 0. 13 flmol/min/ gkw to 0.93 ± 0. 12 flmol/mi n/gkw and fractiona l excretion of sodi um from 0.54 ± 0. 19 to 1.65 ± 1.34 %.
Data in Figure 2 illustra te cha nges in RPP and G FR in response to an acute saline load in piglets and adult pigs. U nder basal con ditions, RPP was significantly highe r in th e adults ( 104 ± 4 mm Hg) than in the piglets (82 .0 ± 4 mm Hg). In respo nse to an acut e saline load , RPP increased significantly in the adult pig to a level of 120 ± 6 mm Hg. In contrast to these findi ngs, RPP was un alte red du ring VE in the piglet (86 ± 2 versus 82 ± 4.0 mm Hg). RPP in the adult RIHP-controlled group was sim ilar to that of the oth er adult pig group under basal conditions (98 ± 3 mm Hg). Du ring VE, RPP was contro lled at approxima tely 87 ± 7 mm Hg to prevent RIHP from increasing. 1.06 % after VE in th e adult pig. Fractional excretion of sodiu m in the piglet was slightly less than in the adult und er basa l conditio ns. In compa rison to that in th e adult pig, th e natriuretic response to VE was significant ly blunted in th e piglet. Fractio na l excretio n of sodium averaged 0.48 ± 0.0 12% und er basal conditions and increased to onl y 4.46 ± 1.0 I % after VE. The respon se of U NaV was also significantly less in the piglet. Sodium excretio n averaged 0. 18 ± 0.05 flmol/min/ gkw in the piglet u nder basa l conditio ns and increased to 1.89 ± 0.50 flmol/mi n/ RESULT S on a metal frame and hu ng in a natu ral sta nding position . T he ure ter was cannulated with silastic tubing for tim ed urine collections. In one gro up of adu lt pigs, RIHP was controlled via ren al decapsulatio n as described previou sly ( 12) . Th e rena l inte rstitia l cath eters were filled with a I: 100 hep arin and saline solution and were connected to pressure transduc ers adjusted to the level of th e insertion site. Cat hete rs were im plant ed in th e lower pole of th e kidney into a hole bored 1-2 mm into the interstitium with a han d-held cautery device (Harvard Apparatus Co., Inc.) (13) . T he cat heters were secured with a dab of cryoacrylic glue. Adequate implanta tion was determi ned for patency and respon siveness by observing the interstitial hydrostatic response to parti al renal vein compression .
On ce surgery was completed , an i.v. ma int enan ce infusio n of 5% dextrose 1 13 normal saline was initiated at a rate of 0.03 m l / kg/min for the recovery period an d initial contro l clearance. G FR was determ ined from the clearanc e of [ '25I]I oth alamate (Glofil Isotex Inc., Friends Wood, T X). A priming dose of 0.4 ,uBq/kg was given followed by a consta nt infu sion of 12 flBq at 0.3 ml/ kg/h for the ad ults and 2.5 fl Bq at 0.3 ml/ kg/h for the piglets.
Exp erimental protocol. Experi ments were performed in th ree gro ups of pigs: normal adult pigs (>70 d), n = 10; piglets (26-43 d), n = 7; and adult pigs (>70 d) with controlled RIHP, 11 = 5. T he following protoc ol was followed in each group.
After a 60-mi n stabilization period, a 20-mi n co ntro l clearance urine collectio n was obtai ned. T his was immediately followed by a 5% saline VE. Isoton ic saline was infused at a rate of 2.0 ml/ kg/min over a IS-min period. A mai ntenance infusio n of isotonic saline at a rate of 0.5 m l.Zkg/rnin continued for th e remainde r of the experime nt. Fifteen min into th is maintenance infus ion , a fina l 20-min clearance urine collectio n was take n along with a midpoint blood samp le. In one group of th e adult pigs, RIHP was prevented from increasing by prior renal decapsulati on and slight redu ction in renal perfusion pressure using a suprarenal ao rtic snare (12) . Th is maneuver was perfo rm ed to mi mic th e RIHP respon se observed in th e piglet during VE. Renal perfusi on pressure was m onitored using a catheter placed in th e left femoral artery to a level in the ao rta j ust below the renal arteries.
RIHP was mon itored continuo usly th rou ghout th e experime nt o n a cha rt recorder (Grass Instrumen t Co., Qui ncy, MA), along with MAP. Blood samples were evalua ted for hematocrit, plasm a protein, sodium, pot assium, and 125I-Iothalamate and the urin e sa mples were evaluated for sodi um, potassium, and 125I-Iothalamate. Assays for sodi um and potassium were by flam e photometry, whereas plasma pro tein was determi ned by total solids m eter (Reichert Scientific Instruments, Buffalo, NY) . T he anima ls were killed with an i.v. sup ersaturated KCl injection and kidn ey weight was obtained .
Statistics. Experim ent al measurem ents were compared with con tro l measurements using a paired t test. Differen ces between groups were determ ined by an unp air ed t test. Statistical significa nce was considered to be p < 0.05 . All data are expressed as mean s ± SEM . GFR was similar between both adult groups of pigs under basal conditions. GFR was significantly lower in the piglets under basal conditions. However, there were no significant changes in GFR in response to an acute saline load in any group of animals. There also was no significant change in hematocrit in response to VE in the piglets (32.4 ± 2.5 versus 30.6 ± 2.6), adult pigs (29.1 ± 0.6 versus 28.5 ± 0.6), or adult RIHP-controlled pigs (31.6 ± 1.0 versus 31.6 ± 1.5).
Associated with the blunted increases in fractional and absolute excretion of sodium in the piglet was the absence of an increase of the RIHP response to VE. Although RIHP appeared to be slightly higher in the adult pig, there were no significant differences in RIHP between the two groups under basal conditions. RIHP averaged 8.8 ± 1.3 mm Hg under basal conditions in the adult and then increased to 12.3 ± 1.5 mm Hg after VE. In the piglet group, RIHP averaged 6.1 ± 1.1 mm Hg under basal conditions and did not change in response to an acute saline load (6.1 ± 1.6 mm Hg). In the adult RIHP-controlled group of pigs, RIHP averaged 5.2 ± 1.2 mm Hg under basal conditions. RIHP in this adult group of pigs was successfully maintained at basal levels during VE (5.5 ± 1.0 mm Hg). Figure 3 summarizes changes in RIHP and UNaV in response to VE in adult pigs and piglets. An acute saline load increased RIHP by 3.5 mm Hg to 4.0 mm Hg in the adult pig. Associated with this increase in RIHP was an increase in UNaV of 3,76 ± 0.67 Jlmoljmin/gkw. In contrast to these findings, RIHP did not increase (~-0.04 ± 0.7 mm Hg) in response to VE in the piglet. Accompanying the absence of an RIHP response was a blunted increase in sodium excretion in the piglet. Unlike the adult pig, which had an increase in sodium excretion of 3,76 ± 0.67 Jlmolj min/gkw, the increase in sodium excretion in the piglet was only 1.70 ± 0.46 Jlmoljmin/gkw. When RIHP was prevented from increasing in the adult pig,~UNaV only increased by 0,93 ± 0.12 Jlmoljmin/gkw.
DISCUSSION
Previous studies in several mammalian species have reported that the immature animal has a blunted natriuretic response to acute saline VE (I -5). In our study, we report that the developing piglet also excretes less sodium than the adult pig during an acute saline load. Several factors have been suggested to play roles in mediating this blunted response in the immature pig, including GFR and intrarenal distribution of blood flow, hormonal systems such as the renin-angiotensin system (5), and atrial natriuretic factor (14) . Until this study, there was no information about the developmental aspects of RIHP and its possible participation in sodium homeostasis, particularly in response to an acute saline load, RIHP has never been reported in the piglet or adult pig. RIHP was measured in these animals with a renal interstitial catheter technique previously described (6) and recently modified by Roman et at. (13) . Basal measurements for RIHP in the adult pig averaged approximately 8 mm Hg, This value is similar to that measured in the dog using the renal interstitial catheter technique (6) . Basal RIHP values for piglets tended to be lower than for adult pigs, but statistical significance was not achieved. The somewhat lower RIHP in the piglet is most probably related to the lower renal perfusion pressure, inasmuch as reductions in renal perfusion pressure have been shown to significantly reduce RIHP (6, 10) .
The results of our study indicate that the blunted natriuretic response in the piglet is associated with an attenuated RIHP response to an acute saline VE. Under basal conditions, RIHP in the piglet did not differ significantly from that in the adult pig. However, in response to an acute saline VE, markedly different RIHP responses occurred between the newborn and adult pig. The adult pig, similar to other adult animal models, demonstrated a significant increase in RIHP from a control level of 8.8 mm Hg to 12.3 mm Hg during YE. In contrast, the RIHP response was only transient in the piglet. RIHP averaged 6.1 mm Hg during control and 6.1 mm Hg during VE under steady state conditions.
Previous studies have established an important role for RIHP in mediating VE-indu ced natriuresis 10 the adult ani mal (6) . Studies have indicated a significant correlation between RIHP and sodium excretion du ring VE in the adult animal (6) . In our study , RIHP was significantly elevated during VE in the adult pig. In contrast, RIHP in the developing piglet was unaltered during VE. Thus, the absence of any significant increases in RIHP in the piglet may explain, in part , why this animal model exhibits a blunted natriuresis response to VE. To better quantitate the importance of the absence of RIHP increases in explaining the blunted natriuretic response to VE, the natriuretic response to VE in an additional group of adult pigs was examined. In this group of adult pigs, RIHP was prevented from increasing during VE by prior renal decapsulation and a slight reduction in renal perfusion pressure to mimic the RIHP response observed in the piglet ( 12) . When RIHP was prevented from increa sing in the adult pig, the natriuretic response to VE was significantly attenuated . Marchand (8) also previou sly reported that when RIHP was prevented from increasing by supra renal aortic clamping in the dog, the natriur etic response to an acute saline load was significantly blunt ed. Thus, when the normal RIHP response to VE in the adult anima l is prevented from increasing as seen in the developing animal, the sodium excreting responses are similarly blunted. This finding pro vides additional suppo rt for the concept that an abnormal RIHP response may, in part , be responsible for the blunted nat riuresis observed in the developing piglet.
The exact mechani sm respon sible for the absence of an increase in RIHP during VE in the developing piglet is unknown. Previous studies have indicated that the level of renal perfusion pressure influences the degree to which RIHP changes during VE (8) . At normotensive perfusion pressures in the dog, significant increases in RIHP occur in response to VE. However, at lower renal perfusion pressures, VE does not result in significant increases in RIHP (8) . In our study, renal perfusion pressure in the adult pig averaged 104 mm Hg unde r basal conditions and incr eased another 14-15 mm Hg durin g VE. In contrast, the piglet had a basal level of renal perfusion pressure of 82 mm Hg, a nd VE did not significantly alter renal perfusion pressure. Thus, it is likely that the low basal perfusion pressure and the absence of an increase in renal perfusion pressure may explain the absence of any significant chan ges in RIHP in the piglet during VE. Lending support for this suggestion is the fact that a redu ction in renal perfusion pressure was necessary to maintain RIHP at basal levels in the adult pig. In addit ion to renal perfusion pressure, other factors such as a high renal vascular resistance ma y also play a role in this phenomenon .
In summary, acute saline VE in the adult pig resulted in significant increases in sodium excretion. The natriuresis was associated with significant increases in RIHP. In contrast, the developing piglet exhibited a blunted natriuresis to saline VE. Our study is the first to demonstrate that the blunted natriuresis in the immature piglet is associated with a significant atte nuation in the RIHP response to VE. When RIHP was prevented from increasing in the adult pig, the natriuretic response was attenuated as it was in the developing piglet. Thi s abnor mal RIHP response to VE may be an imp ortant factor contribut ing to the blunted natriuresis in the developing animal.
